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ABSTRACT 

Aims. Using the CFBDSIR wide field survey for brown dwarfs, we identified CFBDSIRJ214947.2-040308.9, a late T 
dwarf with atypically red J — Ks colour. 

Methods. We obtained an X-Shooter spectra, with signal detectable from 0.8 /xm to 2.3 /xm, which confirmed a T7 
spectral type with an enhanced Ks-hand flux indicative of a potentially low-gravity, young, object. 
Results. The comparison of our near infrared spectrum with atmosphere models, for solar metallicity, shows that 
CFBDSIRJ214947.2-040308.9 is probably a 650-750 K, log g=3. 75-4.0 substellar object. Using evolution models, this 
translates into a planetary mass object, with an age in the 20-200 Myr range. An independent Bayesian analysis from 
proper motion measurements results in a 87% probability that this free-floating planet is a member of the 50-120 Myr 
old AB Doradus moving group, which strengthens the spectroscopic youth diagnosis. 

Conclusions. By combining our atmospheric characterisation with the age and metallicity constraints arising from the 
probable membership to the AB Doradus moving group, we find that CFBDSIRJ214947.2-040308.9 is probably a 4-7 
Jupiter masses free-floating planet with an effective temperature of '-^700K and a logg of ^4.0, typical of the late 
T-type exoplanets that are targeted by direct imaging. We stress that this object could be used as a benchmark for 
understanding the physics of the similar T-type exoplanets that will be discovered by the upcoming high contrast 
imagers. 



1. Introduction 

The Astronomical Union definitior£l that the plan- 
etary mass range is below deuterium-burning mass 
{13M J up] iBoss et al] l2003f ) while brown dwarfs and 
stars populate the mass range above is challenged by 
a string of recent discoveries, notably from possible 
Isolated Planetary Mass Objects (hereafter IPMOs, or 
equival ently free-floating planets in clusters, see f or in- 
stance | Zapatero Osorio et al.l 120021: iBurgess et al.l I2QQ9I : 



Burning ham et al. l2Qllbl: iLiu et aP 2011 ;_ Luhman et al.l 
2011 ; Gushing et al.l I2Q11I : [Albert et all l2Qll[ ). However. 



iHaisch et alJl2QlQl : iPena" Ramirez et al. 112011" '2012), which 
are more likely formed like stars but reside in the planetary 
mass range. There are also many cases of field brown 
dwarfs whose lower mass limit is well within the official 
planetary mass range (see for instance iKnapp et al.l 2004 : 



iBurgasser eraIll2QQ6l : fCruz et al.l [20091 : iLucas et al.l 



2010; 



Send offprint requests to: P. Delorme, e-mail: 
Philippe.Delorme@obs.ujf-grenoble.fr. Based on ob- 
servations obtained with SOFI on the NTT at ESO-La Silla 
(run 086.C-0655(A)). Based on observations obtained with 
X-Shooter on VLT-UT2 at ESO-Paranal(run 087.C-0562(A)). 
Based on observation obtained with WIRCAM at CFHT 
(programs 09AF21,10BF26 and 11BD86. 

^ http:/ /www. dtm.ciw.edu/boss/definition. html 



in all these cases there are significant uncertainties on 
the actual masses of these possible free-floating planets, 
mostly because of the age/mass/luminosity degeneracy 
that affects the determination of the physical parameters 
of substellar objects. This degeneracy can be lifted when 
the age of the source can be constrained independently, 
usually through cluster or association membership. There 
is however no isolated object that combine such an 
undisputed age constraint with spectroscopic low gravity 
signatures that would be compatible with a planetary 
mass. There is nonetheless strong evidence that IPMOs 
do exist, at l east since the discovery of 2M1207B by 
IChauvin et al.l ((2004) has established the existence of a 
^bMjup companion around a ~25Mj^p object that would 
be almost impossible to form through planetary formation 
mechanisms. This means stellar formatio n proces ses such 
as cloud fragmentation (see for instance Bate 2009) or dis k 
fragmentation (see for instance ..Staniatellos et al.l 12011 ), 
can f orm planetary mass objects. iPena Ramirez et al.l 
(l2Q12f ) has recently identified a population of IPMOs in 
the cr-Orionis cluster, and hinted that they could be about 
as numerous as deuterium-burning brown-dwarfs. This 
would indicate that there is a significant population of 
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overlooked IPMOs in the solar vicinity, both in the field 
and in young moving groups and clusters. Another source 
of IPMOs could be ejected pl anets (e.g. Veras & Ravmond 
I2Q12I : iMoeckel fc \^mgl2Q12D. since massive planets such 
as HR8799bcde (jMarois et"al]l2QQ8L l2QlQi) . if ejected from 
their host star, would look like regular field T dwarfs after 
a few hundred Myr. Another strong evidence that IPMOs 
exist is the detection of a few free-fioat i ng planets by 
gravit ational lensing by ISumi et all (|2Qllh : IStrigari et al. 
(|2Q12[ ), though these objects -or at least a fraction of 
them- could also be regular planets orbiting at sufficiently 
large separation from their host star that the latter is not 
detectable in the lensing event. 



The detection of IPMOs can therefore provide con- 
straints on ejection scenarii and on the low-mass end 
of the stellar mass function, though these constraints 
will not be independent since it is observationally chal- 
lenging to imagine a way to discriminate between a 
bMjup ejected planet and a brown dwarf of the same 
mass. However, the spectral energy distribution of these 
isolated objects will provide useful information on the 
substellar evolution and substellar atmosphere models, 
especially if their age is known, and regardless of their 
formation mechanisms. These constraints are especially 
valuable because the spectral energy distribution of an 
IPMO is expected to be identical to the spectral energy 
distribution of planets with similar masses orbiting at 
large separation -hence with negligible irradiation- from 
their host stars. In this light, such free-fioating planets 
could serve as benchmarks for the design and operation 
of the direct imaging surveys for exoplanets, notably with 
the upcoming new gen erations plane ts find er instruments 
such as SPHERE (Beuzi t et aDl2QQ8|). GP I (|Graham et al.l 
120071), or HiCIAOH (Hodapp et al. 2008). Young IPMOs 
of a few Jupiter masses would be interesting analogs of 
the exoplanets these instruments will be able to detect. 
Since they are not affected by the glare of a host star, 
it is comparatively easy to obtain relatively high signal 
to noise, moderate resolution spectroscopic information 
so that they can serve as prototypes to understand the 
physics of massive exoplanets atmospheres. 

We present in section 2 the detection of a low- 
gravity T dwarf, CFBDSIRJ214947.2-040308.9, hereafter 
CFBDSIR2149, that is probably a 4-7Mj^p free-fioating 
planet. In section 3, we describe our spectroscopic data 
reduction and present the full Near-InfraRed (NIR) spec- 
trum of this object, highlighting its low gravity features. 
In section 4 we discuss its likely membership to the young 
moving group AB Doradus (hereafter ABDMG). In section 
5 we analyse its spectrum in the light of the age and metal- 
licity constraints that would be brought by its probable 
ABDMG membership, and derive its fundamental physical 
parameters. Finally we discuss some of the implications of 
this discovery. 



2. Photometry of CFBDSIR2149 

2.1. Discovery and identification as a late T dwarf with 
Ks-band excess 

The Cana da-France Brown D warf Survey InfraRed 
(CFBDSIR; iDelorme et alll2010[ ) is a NIR coverage of the 



Fig. 1. Finding chart for CFBDSIR2149 ( Js-band NTT 
Sofi image). East is left and north is up. 
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CFHTLS/CFBDS (see 'Delo rme et aD l2008bD fields with 
available deep band images . It covers 335 sq uare de- 
grees with J-band WIRCam (Puget et al. 2004) images. 
Cool brown dwarfs candidates are identified from their 
very red z' - J colour (see Fig. [2]) and CFBDSIR2149 
was identified as s uch by the standard CFBDSIR anal- 
ysis pipeline (see iDelorme et al.l l2010f ) . After analysing 
and cross-matching a stack of two 45s-long WIRCam J- 
band exposure from the CFBDSIR acquired on August 
13th and 14th 2009, with the correspo nding CFBDS-RCS2 
(lYee et alJl2Q02 [Delorme et alJ|2008bD 360s z' exposure, we 
highlighted CFBDSIR2149 as a z' dropout with z'-J >3.8. 

This promising candidate was confirmed by NIR 
follow-up observation at the ESO-NTT telescope (run 
086.C-0655(A)) on 201 0, September 24, with a NTT-Sofi 
(Moorwood et al. '1998) J-band detection (See Fig. [1]) en- 
suring this candidate was a very cool brown dwarf and not 
a transient source like an extragalactic supernovae or an as- 
teroid that could have caused our initial J-band detection 
and accounted for the z'-band non-detection. The real-time 
analysis of the NTT J-band data prompted further obser- 
vations of this cool brown dwarf in H and Kg, during the 
following night. The resulting very blue J — H = —0.5 con- 
firmed it as a very late T dwarf while the neutral to red 
J — Ks ~0 highlighted it as a peculiar K^-band fiux en- 
hanced late T dwarf (see [2]). Note that throughout this 
work, Y JHK / Kg magnitudes are given in the Vega sys- 
tem while z' mags are in the AB system ([Fukugita et al.l 
I1996D . 

2.2. Near-infrared imaging: reduction and analysis 

In addition to this SOFI photometric follow-up, we ob- 
tained higher signal to noise photometric data in F, J and 
Ks from CFHT Director Discretionary Time, in December 
2011, as well as CH4on imaging acquired in September 
2010. This WIRCam data, using the MKO photometric 
system, is deeper and offers a larger time-base to derive 
the proper motion of CFBDSIR2149 using the WIRCam 
August 2009 detection images as a first epoch. Since 
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WIRCam has a larger field of view than SOFI it also allows 
to use more stars for an accurate photometric and astro- 
metric calibration. 

Both SOFI and WIRCam observations used a standard 
dithering pattern to allow the construction of a sky frame 
and were reduced and analysed using the same home-made 
pipeline. For the WIRCam observations, we used one (out 
of 4) 10' X 10' chips, on which the target was centred. For 
each filter, flat fielding and bad pixel re moval were carr ied 
out using ESO- eclipse software package (l Devillardll200lf ) . A 
sky frame, constructed by median-combining the dithered 
raw exposures, was subtracted to each exposure. The result- 
ing reduce d individual exposures were cross matc hed us- 
ing S camp (|Bertinll2006h and combined with Swarp ([Bertinl 
I2010 0. using the inverse of each image background noise as 
weight. This weighting particularly improved the signal to 
noise of the WIRCam images which were acquired with a 
rapidly evolving airmass, while the target was setting. The 
absolute astrometric and photometric calibrations in J, H 
and Ks were c arried out using the 2MASS point source 
catalog (|Cutri et al. 2003) as a reference, with 3 valid ref- 
erences on the SOFI field of vue and 15 on the WIRCam 
chip field of view. For the photometric calibration of z\ Y 
and CH^on data we used the CFHT-provided zero points 
and absorption values. 

We extracted the photometry and astrometry of 
CFBDSIR2149 and of the reference stars by Point Spread 
Function (PSF) fitting using S extractor, with a spatially 
variable PSF model built from , each science image using 
PSFe x (jBertin fc Arnout s'"l996': iBertinI l2QQ6t iBertin et"al] 
l2012f ) . The resulting photometry is shown on Table [H The 
H — CH^on of 0.9, tracing the methane absorption bands 
around 1.6 /im is typical of a T7±0.5 brown dwarf (cal- 
ibration by L. Albert, private communication), while the 
red J — Kg and very red H — Ks (see Fig. [2]) indicate a 
weak ColHsion Induced Absorptio n of H2 (CIA), res ulting 
in an enhanced K-band flux (see iKnapp et al.l 12004 for 
instance). The weak CIA would be caused by a lower than 
usual pressure in the photosphere, either due to low gravity, 
high metallicity or a combination of both. We caution that 
such colour diagnosis can be misleading, at least for objects 
in the L/T transition where cloud coverage effects can blur 
the conclusions (see the unusual blue and red J — i^T in the 
T2.5/T4 binary of Artigau et al. 2011). However the later 
spectral type of CFBDSIR2149 (T7) places it in a tempera- 
ture range where models, and the associated colour diagno- 
sis, are usually more reliable, mainly because most clouds 
have condensated at such low temperatures. This also make 
the red J — K association with low gravity/high metallicity 
more robust for late T dwarfs such as CFBDSIR2149 than it 
is f or the red, a l so pro b ably low grav i ty, L dwarfs identified 
bv ICruz et all (|2009f ): lAllers et al.l (|2010[ ): iFahertv et aD 
(|2012[ ). 

2.2.1. WISE data 



We searched the WISE (I Wright et alll2010[ ) all-sky release 
catalog for a mid- infrared couterpart of CFBDSIR2149. 
There is no signal related to our target in W3 and W4 
channels, but we found a very faint object at its exact posi- 
tion in W2 and slightly offset in Wl. The catalog-provided 
photometry for this couterpart gives Wl=17.4±0.47 and 
W2=15.99± 0.37. Though this mid-infrared signal to noise 
is extremely low, the resulting H — VK2=3.9±0.4 colour is 



consistent w ith CFBDSIR2149 being a late T dwarf (see 
Figure 1 of IMainzer et al.ll201l[ ). 



3. Spectroscopy of CFBDSIR2149 

3.1. Spectroscopic follow-up and reduction 

Given the faintness (J = 19.3) of CFBDSIR2149, it was 
not observed in spectroscopy with Sofi at NTT and was 
therefore put in the queue of our 087.C-0562 ESO-VLT X- 
Shooter observations as a very high priority target. It was 
observed on September, 5 and September 27, 2011, in two 
ESO observing block (hereafter OB) achieving a total ex- 
posure time on target of 5850 s, split in 4 A-B nods on slit 
of 2x732 s each. We used 0.9'' slits for both visible and NIR 
arms. 

The spectra was reduced using th e latest ESO X- 
Shooter pipeline ([Modigliani et al.ll2010[ ), which produced 
a 2-dimensions, curvature corrected, spectrum of the NIR 
arm of X-Shooter from 0.99 to 2.5 jam and of the visible 
arm, from 0.6 to 1.02 /urn for each OB. No signal was re- 
trieved for wavelengths shorter than ~0.8 /im, but a low 
signal-to-noise ratio (SNR) spectrum of the optical far- 
red was recovered between 0.8 and 1.0 fim. The trace was 
extracted using our own IDL procedures, using Gaussian 
boxes in the spatial dimension all along the spectral direc- 
tion. The noise spectrum was obtained by measuring the 
dispersion along 10 spectral pixels on a noise trace obtained 
by subtracting the science trace by itself shifted of 1 pixel. 
Since the shift is much smaller than the full spectral reso- 
lution ( 4.2 pixels in the NIR and 6.0 in the visible), this 
effectively removes the science spectrum, but keeps the in- 
formation on the actual background and photon noise on 
the science trace. 

The two resulting 1-D spectra of each OB were then di- 
vided by the spectrum of telluric standard stars observed 
just after or just before each OB and reduced and ex- 
tracted using the same pipeline as the science OBs. The 
two spectra corrected from telluric absorption were then 
combined through a weighted average using the inverse 
variance as weight to construct the science spectrum. A 
noise- weighted average significantly improved the signal-to- 
noise ratio since the quality of data obtained on September 
5th was noticeably better than that obtained on September 
27th. Because the resulting spectrum at R~5300 has a low 
SNR and most of the late T physical parameters exploration 
is carried out using lower resolution spectra, we made a slid- 
ing noise- weighted average on 25, 100 and 200 pixels in the 
spectral dimension, producing 3 spectra, at a resolution of 
respectively R=900, 225 and 113 in the near-infrared. The 
visible spectra was similarly binned on 400 pixels, with a 
corresponding resolution R=132. The noise- weighted aver- 
age in the spectral dimension makes use of the full resolu- 
tion of X- Shooter to down- weight the narrow wavelength 
ranges affected by OH telluric emission lines, thus improv- 
ing the SNR with respect to a regular average or, more 
importantly, to lower resolution observations. 

The same reduction and extraction procedures were 
used for the NIR and visible arms of X- Shooter, but the 
SNR in the small common wavelength interval between the 
2 arms is low (about 1), which makes difficult to rescale 
the visible data to the NIR data scale. Since we have no 
z' detection of CFBDSIR2149, we cannot calibrate the vis- 
ible spectrum on photometry. We therefore caution that 
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f 


Y 


J 


H 


Ks 


CH^on 


CFHT 

Date 


> 23.2 (360s) 
05/07/2006 


20.83±0.09 (936s) 
18,26/12/2011 


19.48=b0.04 (540s) 
18,26/12/2011 




19.35±0.09 (880s) 
18,26/12/2011 


20.7±0.25 (900s) 
29/09/2010 


NTT 
Date 






19.48=b0.04 (720s) 
23/09/2010 


19.89±0.11 (600s) 
24/09/2010 


19.54±0.14 (1200s) 
24/09/2010 





Table 1. Photometry of CFBDSIR2149 with NTT and CFHT. The corresponding exposure time is indicated between 
parentheses. 



Fig. 2. Near-IR MKO colours of CFBDSIR2149 (Red square) compared to known field T dwarfs. The arrows in z' — J 
colours indicates t his colour is a lower limit since we have no z^ -band detection. Open squares are CFBDS T dwarfs 
[Albert et al.l (|201l[ ), the plus signs are 111 dw arfs fromlKnapp et a l. (2004 ), c r osses a re 73 dwarfs fro m Chiu et al. (l2006l) 
while open triangles are late T dwarfs from iBurning ham et al.l (20081 . i20Q9l l2010f ): iDelorme et all (|2010D : iLucas et al. 
(I2QTqI) . 
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this crude rescaling is probably inaccurate. Therefore, when 
NIR and visible spectra are shown together, their relative 
intensity before and after 1 fim is not reliable. 

We checked the fiux homogeneity of this large wave- 
length coverage spectral data by calibrating it on our ex- 
isting WIRCAM and NTT photometry (see TablCD- We 



synthetized the uncalibrated science spectrum colours by 
integrating them on WIRCam global transmission, includ- 
ing filter, instrument and telescope transmiss ion and the de- 
tector quantum efficiency (see section 2.2 of iDelorme et al.l 
i2008b, for details) and determined a scaling factor for each 
of the broadband filter range so that the YJHKg Vega 
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magnitudes derived for CFBDSIR1458AB spectrum would 
match those observed in broadband photometry. The re- 
sulting calibration factors are summarised in Tabled show- 
ing that photometry and spectrophotometry agree within 
Icr. 

As shown on Table [3l we also derived spectrophotomet- 
ric CH^on and CH^off magnitudes from the spectra. Since 
we don't have a parallax for CFBDSIR2149 yet, we can only 
derive colours from the spectra. We had to anchor these 
colours to the J-band photometry to obtain the spectropho- 
tometric CH^on CH^off magnitudes in the WIRCam pho- 
tometric system. 

We used this X-Shooter spectrum to de rive the spectral 
indic es defined in Burgasser e t'aD (|2QQ6[ ): Warren et al. 
([200 71 ): iDelorme et al.l (|2008aD that trace the strength 
of several molecular absorption features typical of T 
dwarfs. As shown on Tabled the atmospheric features are 
typical of a T7-T7.5 dwarf, with a significantly enhanced 
K/J index, telltale of a weak CIA (though greenhouse 
effect could participate to iC-band flux enhancement, see 
lAllard fc Homeie ? '2012') , an d ther efore of a low pressure 
photosphere jL eggett et al. 120021: fe urgasse r et al.l [200^ 



Conversely, they are too strong in models at a temper- 
ature cooler than 650 K. 



GoHmowski et al. 2004; Kna pp et al.ll200 4: Burgasser et al. 
2006 ). Hiranaka et al . (2012) propose an alternative expla- 



nation for the similarly red spectral energy distribution 
of some peculiar L dwarfs, which could be caused by a 
thin dust layer above the photosphere. Since most of the 
dust is condensated in late T dwarfs photospheres, this 
alternative hypothesis is much weaker for objects as cool as 
CFBDSIR2149, making a lower than usual pressure in the 
photosphere the most likely hypothesis to explain the red 
J — Ks colour of this object. Such a low pressure can be the 
sign of a young, low-mass and therefore low-gravity object 
and/or of a more opaque, higher altitude photosphere 
typical of a high metallicity object. 

Figure [3] presents a simple comparison of CFBDSIR2149 

spectrum w ith BT-Settl atmosphere models from 

lAll ard et al.l (|2012f ) at different effective temperatures 
and gravity. Though we defer a more exhaustive analysis 
of the spectrum to a dedicated section, this flrst glance at 
our target's spectrum shows the following: 

— Models at moderate gravity (logg>4.5) typical of rela- 
tively young thin disc obje cts a^ed 0.5-2Gyr o ld (from 
stellar evolution models of iBaraffe et al.ll2003l ) cannot 
reproduce both the strong absorption bands in i^-band 
and the enhanced flux in i^-band. Higher gravity models 
(logg >5.0) are even more discrepant from the observed 
spectrum. 

— Models at very low gravity (logg'^3.5) typical of very 
young objects (l-20Myr) predict a i^-band (and H- 
band) flux enhancement much stronger than what we 
observe for CFBDSIR2149. 

— Models at low gravity (log g~3. 75-4.0) typical of inter- 
mediate age objects (20-200Myr) produce a spectral en- 
ergy distribution relatively close to the observed spec- 
trum. 

— Models at temperature higher than 800 K signiflcantly 
underestimate the temperature sensitive CH4 and H2O 
absorption bands in J and H bands, which are sig- 
niflcantly weaker in models at temperature higher 
than 800 K than they are in the observed spectrum. 



4. Kinematic analysis: does CFBDSIR2149 belong 
to the young moving group AB Doradus? 

4.1. Proper motion 

We used the multi-epoch images described in the previous 
section to derive the proper motion of CFBDSIR2149. To 
improve our astrometric accuracy, we did not use the ab- 
solute positions of the source measured on each image, but 
calculated a relative local astrometric solution for each pair 
of flrst epoch and second epoch measurements. This was 
achieved by cross-matching flrst and second epoc hs and 
calculating the astrometric solution (using Scamp 'B ertinI 
^006) of the second epoch using the flrst epoch image as 
the reference. 

The most signiflcant source of error was the centroid posi- 
tioning error of this faint source, thus we used PSF-fltting 
with S extractor to improve our accuracy. Given the very 
asymmetrical spectral energy distribution of late T dwarfs 
another source of error i s the Atmospheric Chromatic 
Refraction (ACR, see e.g. iDupuv fc Liul 120121) . Since the 
flux barycenter in broad band fllters is not at the same 
wavelength position for T dwarfs than it is for the back- 
ground stars we used to derive the astrometric solution, 
ACR introduces a systematic shift in the centroid position. 
This depends mostly on the fllter used and on the airmass at 
the time of the observations. This effect is relatively small 
in the NIR (a few mas, lAlbert et al.l 1201 if ), but we cau- 
tion our error estimates for proper motion measurements 
do not take this systematic error into account and hence 
those errors represent lower limits. We also neglect parallax 
effects, which should be below lOmas, given the photomet- 
ric distance (35-50pc) and our 28 months baseline between 
our flrst (13/ 08/2009) and our la st (23/12/2011) epochs. 
According to iTinnev et al.l (|2003f ) the bias from ACR is 
negligible in J-band, and therefore, both the parallax effect 
and ACR effects are negligible compared to our measure- 
ment accuracy (~30mas.yr~^), meaning the uncertainties 
are dominated by measurements errors and not by system- 
atics for our J-band data. This proper motion measurement 
are given in Table |H together with the least square linear flt 
of proper motion using as input for each epoch the measure- 
ment of the position relative to the flrst epoch. The flt was 
weighted at each epoch by the inverse of the error squared. 
Since we are only interested by the relative motion, we as- 
sumed the flrst epoch measurement error to be inflnitesimal 
and affected the full error of each epoch n — epoch 1 mea- 
surement to epoch n. The measurements using the other 
fllter sets are much more dispersed, but as shown on Table 
HJ including all data in the flt decreases the flt measure- 
ment error, though the use of different fllters should add 
small ACR systematics. In the following, we use the proper 
motion derived from the full data set, but caution that the 
error bar associated is a lower limit. A-contrario, the error 
we derived on J-band data only, with well controlled sys- 
tematics and much less data, can be seen as a conservative 
upper limit of the error bars of the full data set. 
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Fig. 3. Comparison of CFBDSIR2149 full spectrum at R=225 with BT-Settl models of varying effective temperature 
(left) and gravity (right). Last row shows the models agreeing best with J^H^K data for field gravity (left, logg=4.5 and 
Te//=800K) and free-floating planet gravity (right, logg=3.75 and Te//=650K) 
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Table 2. Value of the NIR spectral indices from iBurgasser et all (|2QQ6[ ): IWarren et all (|2QQ7[ ): iDelorme et aD (|2QQ8a[ ) 
for some of th e latest kno wn brown dwarfs. We ca lculate d the values the other brown dwarfs using spectra from 
iBurgasser era! . (2006); Delo rme et all (!2008a|); Hurningham e t all ([2009, 2010). 



Object 


Sp. Type 


H2O-J 


w, 


CH4-J 


H2O-H 


CH4-H 


NH3-H 


CH4-K 


K/J 


CFBDSIR2149 


T7/T7.5 


0.067 


0.404 


0.198 


0.222 


0.138 


0.706 


0.133 


0.199 




±0.003 


±0.004 


±0.004 


±0.007 


±0.006 


±0.015 


±0.023 


±0.003 






T7.5 


T7 


T8 


T7 


T7.5 




T6.5 




SDSS1504+10 


T7 


0.082 


0.416 


0.342 


0.241 


0.184 


0.668 


0.126 


0.132 


G1570D 


T7.5 


0.059 


0.330 


0.208 


0.206 


0.142 


0.662 


0.074 


0.081 


2M0415 


T8 


0.030 


0.310 


0.172 


0.172 


0.106 


0.618 


0.067 


0.133 


Ross458C 


T8+ 


0.007 


0.269 


0.202 


0.219 


0.107 


0.701 


0.082 


0.192 


Wolf940B 


T8+ 


0.030 


0.272 


0.030 


0.141 


0.091 


0.537 


0.073 


0.111 



Table 3. Photometry and spectrophotometry of CFBDSIR2149 (using WIRCam/MegaCam filter set to generate syn- 
thetic colours), z' is in AB system, all other in Vega system. Spectrophotometry is anchored on J=19.48±0.04 from 
WIRCam photometric measurements. Calibration factors are the factors to apply to the spectra in F, J, H and K bands 
so that it matches the broad band photometry. * Strong systematical uncertainties because of data rescaling below 1 \im. 





f 


Y 


J 


H 


Ks 


CH^off 




Photometry 


> 23.2 


20.83±0.09 


19.48±0.04 


19.89±0.11 


19.35±0.09 




20.7±0.25 


Spectrophotometry 


24.51* 


20.89* 


Reference 


19.98 


19.43 


19.35 


20.89 


Calibration factor 




-10%* 


Reference 


±8% 


±8% 







Table 4. Proper motion measurement of CFBDSIR2149. Discovery position (13/08/09) is RA: 21h49'47.2'' Dec: - 
04d03m08.9s. 



Epoch 1 


Epoch 2 


Proper motion (RA) 
"•yr""*" 


Proper motion(Dec) 
" -yr""*" 


J13/08/09 


JS23/09/10 


0.121± 0.042 


-0.106± 0.044 


JS23/09/10 


J26/I2/II 


0.026± 0.070 


-0.098± 0.088 


J13/O8/O9 


J26/I2/II 


0.067± 0.030 


-0.104± 0.043 


Weighted fit (J-band data) 


0.085 ± 0.024 


-0.105 ± 0.031 


Weighted fit (all data) 


0.081 ± 0.017 


-0.124 ± 0.019 



Fig. 4. Vectors representing the norm and direction of the 
proper motion of CFBDSIR2149 compared to the map of 
ABDMG members proper motions. 





60° 






50° 






40° 






30° 






20° 







10° 




c 


0° 




(U 


-10° 




Q 


-20° 






-30° 






-40° 






-50° 






-60° 





ibers 1- 

2149 



12h 13h 14h 15h 16h 17h 18h 19h 20h 21h 22h 23h Oh 1h 2h 3h 4h 5h 6h 7h 
Right Ascension 



4.2. Young moving group membership probability 

Since the photometry and the spectrum of CFBDSIR2149 
show tentative youth indicators, we have estimated the 
probabilities that this object is a member of several moving 
groups and associations (/^-Pict oris, Tucana-Horo l o^iuni , 
AB Doradus, TW Hydrae (|Zuckerman et all I2004D 
,Columba, Carina, Argus, the Pleiades, e Cha meleontis, the 
Hyades and Ursa Majoris ([Torres et al.ll2008l )), as well as a 
field member. 

To do this, we used a Bayesian inference method which 
consists in answering to the following question : given the 



XYZ galactic position and UVW space velocity of our ob- 
ject as well as the distribution of equivalent quantities for 
each group and the field, what is the probability it is actu- 
ally a member of each group ? The field and groups corre- 
spond to the different hypotheses and in principle, the input 
parameters to such an analysis would be the XYZUVW for 
our object. However, we do not have a measurement for 
its radial velocity nor its trigonometric distance. There is 
a standard way to deal with this which is generally called 
marginalisation over unknown parameters, consisting of re- 
peating the analysis with several values for this parameter, 
then comparing the sum of the resulting probability den- 
sities for each hypothesis. For mo r e det ails, we refer the 
reader to iFeigelson fc Jogesh Babul (|2012f ) for a general de- 
scription of Bayesian inference, as well as Malo et al. (sub- 
mitted) for an analysis similar in many ways to what we do 
here. We used the same XYZUVW distributions for each 
group and the field as described in Malo et al. (submitted). 

We will highlight the three major differences between 
this analysis and ours: (1) we took into account the 
measurement errors on input parameters, by convolving 
each association's parameter distribution with a Gaussian 
of characteristic width corresponding to this error. (2) We 
treated distance and radial velocity as marginalized pa- 
rameters, instead of just distance. (3) We took into account 
what is called the prior probability, which was set to unity 
in the referred work. The value of this prior corresponds 
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to the probability our object is a member of a given group 
if we have absolutely no input data on the object. This is 
the simple ratio of the number of members to the group 
in question with the total number of stars we could have 
observed, reflecting the obvious fact that any random star 
had a much higher probability to belong to the field than 
to any young association, since there are many more field 
stars that there are young associations members. If this 
quantity is accurately estimated, it would ensure that 90% 
of members with 90% membership probability would be 
actual members. Without this prior, CFBDSIR2149 would 
have a 99.9% membership probability to belong either 
the AB Doradus moving group (ABDMG) or to the f3- 
Pictoris moving group (BPMG). Notably, the membership 
probability to ABDMG is very high because of the proxim- 
ity of CFBDSIR to ABDMG cinematic locus (see Figure S]). 

To give a value to this prior for the young associations 
hypotheses, we used the number of known young moving 
group members. For the field hypothesis, we used the fact 
our object is conservatively younger than 500 Myr since its 
spectrum is rather indicative of an age in the 20 to 200 Myr 
range. Given that evolutionary and atmosphere models 
of young substellar objects are not yet fully reliable, we 
preferred to set a conservative upper age limit of 500 Myr. 
To inject this information in our Bayesian inference, we 
simply treated the prior as the ratio of stars in each moving 
group with the total population of field stars younger 
than 500 Myr distant from to 100 pc in a galactic disk 
simulation from Besancon Galaxy model (|Robin et al.l 
1200 3). We are confident this range of distances is reliable, 
since the young moving groups we considered lie within 
100 pc of the Sun and the photometric distance of our 
candidate is comfortably below 100 pc. This estimate is 
in fact quite conservative since it is generally accepted 
that the populations of young moving groups are still 
incomplete, meaning we might underestimate their respec- 
tive membership probabilities. A third reason makes our 
membership probability conservative: when considering 
the field hypothesis we don't use the proper motion 
distribution of specifically young field objects, but of the 
general field population. Since young field objects have a 
narrower proper motion distribution (" Robin et aLll2003[ ). 
we therefore overestimate the field membership probability. 

With this Bayesian analysis that conservatively takes 
into account that young field stars are much more numer- 
ous than young association stars, we find CFBDSIR2149 
has a membership probability of 79.4% for AB Doradus 
and 13.3% for the field. The third most likely hypothesis, 
a membership to the young moving group /3Pictoris, has a 
7.3% probability. 

This makes CFBDSIR2149 a good candidate mem- 
ber to the 50 -120 Myr old, solar metallicity, ABDMG 
moving ^roup (jZuckerman et al.ll20Q3 : iLuhman et al.ll2QQ5t 
lOrtega et al.ll2007l ) . The most likely values of the marginal- 
ized parameters (distance and radial velocity) for the most 
probable hypotheses (AB Doradus, field, and Beta Pictoris 
membership) are shown on Figure [H For the young field hy- 
pothesis, the Bayesian estimate provide a statistical (most 
likely) distance of 31 ± 13 pc an d a radial v elocit y of — 6 ± 9 
km.s-^ According to the All ard et al.l (|2012[ ) BT-Settl 
isochrones, the photometric distance of a 700 K, 500 Myr 
old field brown dwarf with CFBDSIR brightness would be 



between 25 and 40 pc (respectively using the Kg and J-band 
photometry), in reasonable agreement with the Bayesian 
kinematic estimation. A younger age -our field prior is com- 
patible with any age below 500Myrs- would lead to higher 
photometric distances and therefore to a more marginal 
agreement for the field hypothesis. 

For the highest probability hypothesis, namely that our 
target belongs to ABDMG, the statistical distance is 40 ±4 
pc and radial ve l ocity of — 10 ± 3 km.s~^. According to 
the lAllard et al] (|2012[ ) BT-Settl isochrones, the photo- 
metric distance of a 700 K, 120 Myr old brown dwarf with 
CFBDSIR brightness would be between 35 and 50 pc (re- 
spectively using the Kg and J-band photometry), which is 
in good agreement with the Bayesian estimation. 

For the BPMG hypothesis the Bayesian estimate pro- 
vide a statistical (most likely) distance of 27±3 pc and a ra- 
dial velocity of — 7±2 km.s~^. According to the Alla rd et all 
( 2012.) BT-Settl isochrones, the photometric distance of a 
650 K, 20 Myr old field brown dwarf with CFBDSIR bright- 
ness would be between 25 and 35 pc (respectively using the 
Kg and J-band photometry) , in reasonable agreement with 
the Bayesian kinematic estimation. 

If we integrate the probability distribution of FigIS] 
over the photometric distance estimate range, we can ob- 
tain a membership probability that include this informa- 
tion. We use the photometric distance estimate for the 
field for an age of 500Myr which is the closest to the 
field Bayesian estimate, and therefore slightly favours the 
field hypothesis. This yields a membership probability of 
87% for the ABDMG, 7% for the BPMG, and 6% for the 
field. Also, since a fraction of field objects are younger 
than 150Myr, the actual probability that CFBDSIR2149 
is actually younger than 150Myr is higher than its mem- 
bership probability to ABDMG and BPMG. Taking that 
into account, CFBDSIR2149 has a membership probability 
of 87% for the ABDMG, 7% for the BPMG, 3% for the 
young field (age <150Myr) and 3% for the field (150Myr< 
age <500Myr). 

We caution that this introduces significant uncertainties 
into the calculation, because of the low reliability of pho- 
tometric distance estimates. To dampen this concern, we 
derive in the following what could be seen as lower limits 
of ABDMG membership probability by looking at scenarios 
even more favourable to the field, using a prior allowing ob- 
jects as old as IGyr and lOGyr to be included in the prior. 
This is very conservative because CFBDSIR2149 spectrum 
indicate a much younger age (<200Myr, see previous sec- 
tion). With the prior including all field stars younger than 
IGyr, this yields 72% membership probability to ABDMG, 
22% to the field of all ages below IGyr, and 6% to the 
BPMG, based on position and proper motion alone. If we 
integrate the Bayesian distance estimates on the photo- 
metric distance estimate ranges, we derive a membership 
probability of 83% for the ABDMG, 6% for the BPMG, 
3% for the young field {age <150Myr) and 8% for the 
field (150My< age <lGyr). If we use the even more ex- 
treme prior including all field stars younger than lOGyr 
and integrate these probabilities on the photometric dis- 
tance estimates (using a distance range of 20-35pc for a 
5Gyr T7 dwarf), we still get 63% membership probability 
to ABDMG, 32% to the field of ah ages below 10 Gyr, and 
5% to the BPMG. As discussed in the previous section, 
the spectral features of this object are not compatible with 
an old age, unless it has a strongly super-solar metallicity. 
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Fig. 5. Bayesian probability densities over distance and ra- 
dial velocity derived from CFBDSIR2149 proper motion, 
for the 3 most probable membership hypotheses. The con- 
tours encircle respectively 10%, 50% and 90% of the prob- 
ability density for each hypothesis. 
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Since high metallicity stars are rare, and are especially rare 
among old stars, using as weight of our field hypothesis all 
stars below lOGyr is not a realistic hypothesis. Using this 
prior does therefore provide a very strong lower limit on the 
membership probability of CFBDSIR2149 to the ABDMG, 
but is not indicative of its actual membership probability. 

Our Bayesian analysis taking into account right ascen- 
sion, declination, proper motions and distance estimates 
allow to set the following constraints on the membership 
probability of CFBDSIR2149 to the ABDMG: 

— An extremely conservative lower limit of 63% that we 
do not consider realistic. 

— A very conservative lower limit of 83%. 

— A conservative 87% membership probability of 
CFBDSIR2149 to the ABDMG, that we wih use as our 
best estimate in the following. 

We note that when including the possibility that 
CFBDSIR2149 is a field object younger than 150Myr but 
unrelated to a known association, the overall probability 
that it is younger than 150Myr is therefore higher than 
95%. The following section explores the spectral properties 
of CFBDSIR2149 assuming that it is indeed younger than 
ISOMyr. 

Finally, as a sanity-check, we determined whether an- 
other CFBDS brown dwarf, CFBDSIR1458, described in 
iDelorme etld] (|2010[ ) as an old brown dwarf on the ground 
of its spectral features, could turn out as a young moving 
group member using the same kinematic analysis. The re- 
sult is a 100% probability that this object belongs to the 
field, with the probability to belong to any young moving 
group lower than 10~^^, even using the SOOMyr prior, which 
is more favourable to young moving group membership. 
These kinematic results are theref ore in excellent agree- 
ment with the spectral analysis by Delorme et al.l (|2010); 
iLiu et all poTli ) identifying CFBDSIR1458 as an old field 
brown dwarf. 



Fig. 6. Comparison of BT-Settl 2012 models at the same 
temperature (TOOK), but with different gravity (red:log 
g=3.5, black: log g=4.5). The KI doublet position is high- 
lighted by the dashed lines. 
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5. Physical properties of CFBDSIR2149 

5.1. Comparison to other late T dwarfs 

A direct comparison of CFBDSIR2149's spectrum with 
the spectra of other T7-T8.5 brown dwarfs (see Fig. [8]), 
clearly shows its enhanced i^-band flux. The spectrum of 
CFBDSIR2149 shows another low gravity feature, namely 
the enhanced absorption by th e 1.25 /im potassium dou - 
blet (see Fig. [6]). According to lAllard fc Homeierl (|2012[ ). 
the strength of the doublet in the spectra depends both on 
the abundance of potassium in the atmosphere, and on the 
strength of the CH4 and H2O absorptions bands that shape 
the pseudo-continuum through which the doublet forms. At 
T dwarf temperatures, a lower gravity increases the dou- 
blet strength by playing on each of these parameters: the 
pseudo-continuum is weakened at low gravity for a given ef- 
fective temperature while the potassium abundances tends 
to increase because of enhanced vertical mixing effects in 
low gravity atmospheres. Th e same trend has bee n empiri- 
cally observed in T dwarf by 'Knapp e t al.l (|2004l ) . 

This doublet decreases in strength from T4 to T7, until 
it t otally disappears o n regular field dwarfs later than 
T7 riKnapp et al.ll200^ , and should be almost absent of 
the T7/T7.5 spectrum of CFBDSIR2149 if it had field 
gravity and solar metallicity. The comparison with the 
T7 2M0727+1710 (See Fig. [7]) which has a l ready been 
identified as a low gravity T7 by iKnapp et al.l (|2004l ) illus- 
trates that the KI absorption doublet is more prominent 
in CFBDSIR2149. 



Another interesting object to 
the ve ry red T8.5 br own dwarf 
"2010'; 'Goldma n et ID 120101 : H 



compare with 
Ross458C 
urgasser et al.l 




Burningham et al.l l2011al ) which presents a i^^-band flux 
excess comparab le to what we observe for CFBDSIR2149. 
As discussed in Burgasser et all (I2010D :[B urningham et al. 
()2011a[ ), this object shows many features of low gravity 
and belongs to a young stellar system (150-800 Myr), with 
a slightly higher than solar metallicity ([Fe/H]~0.2-0.3). 

Before we engage in a closer comparison between 
CFBDSIR2149 and Ross458C, we have to point out 
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that since CFBDSIR2149 appears slightly warmer than 
Ross458C, it should have, because of effective temperature 
alone, a redder J — Kg (See Figl2]) and a higher J/K 
spectral index. This makes the direct comparison of 
these gravity-sensitive features difficult: they are slightly 
stronger in CFBDSIR2149 but this difference, including 
the presence of the 1.25 jim potassium doublet, might 
be fully accounted for by the difference in effective tem- 
perature rather than by an even lower gravity. In order 
to compare the colours of both objects using the same 
photometric system, we calculated the NIK colours of 
Ross458C in th e WIRC am filter system using the spectra 
provided by Burningham et al. (201 l a). The resulting 
colours are shown in Table [5] and are very similar to those 
observed for CFBDSIR2149. Note that Xhe J - K colour 
of Ross45 8C with WFCAM filter system is much bluer 
(-0.25, iBurningham et al.l [2QTTbh because the atypical 
i^-band filter used on WFCAM cuts a significant part of 
T dwarf flux blueward of 2 jim and extends red-ward of 
2.3 jim where late T dwarfs have no flux left. 

Because of the degeneracy between effects of low grav- 
ity and high metallicity, the similar colours and spectral 
features of CFBDSIR2149 with respect to Ross458C can 
be explained either by a similar age/[M/H] combination 
or by a younger age and a more common solar metallicity 
for CFBDSIR2149. There is also the possibility that 
CFBDSIR2149 is older and has an even higher metallicity 
than Ross458C but this is much less probable both 
because of its kinematics and because of the scarcity 
of significantly over-metallic stellar systems (only ^ 
4% of stars have metallicity>0.3, ISantos et al.l |2005[ ). 
Given the probable association of CFBDSIR2149 to the 
50-120 Myr AB Doradus moving group, the hypothesis 
that it is a slightly warmer, slightly younger solar metal- 
licity counterpart of Ross458C is most likely, especially 
because it is also consistent with t he [M/H]=-0.Q 2 =b0.02 
metalHcity distribution derived by lOrtega et al.l (|2007[ ) 
for ABDMG member s. Acco r ding to the Lyon stellar 
evolution models IBaraffe et al.l (|2003), at solar metallicity, 
such a 650-750 K brown dwarf aged 50 Myr has a mass 
of 4 to 5 Jupiter masses and a logg of about 3.9. This 
would make CFBDSIR2149 a "free-floating planet", with 
the same atmospheric properties as any 50 Myr old, 
4-5Mj^ip, T-type exoplanet, and therefore an invaluable 
benchmark for exoplanet s atmospheres studies. In the 
case we would adopt t he higher age hypo thesis of 120 Myr 
(|Luhman et al.l [2QQ5I : lOrtega et al.l l2007l ), the conclusion 
would be similar, CFBDSIR2149 then being a 120 Myr old, 
Q-lMjup free-floating planet with a logg of ~4.1. 



5.1.1. Revisiting Ross458C 

The young age hypothesis for Ross458C is sup ported by the 
fast rotation (llkm.s"^; iDonati et al.ll2008[ ) observed for 
its primary Ml star Ross458A. The corresponding upper 
limit of the period (in case the projected rotational speed 
y.sinji) — the eq uatorial rotation speed) of ~2.5days. 
iDelorme et al.l (|201lf ) established that early M dwarfs in the 
Hyades and Praesepe had already converged toward a clean 
mass-period relation. Gyrochronology (Barnes 2003) there- 
fore allows asserting that almost all early M dwarfs which 
rotate faster than the 12-14 days observed in the early M 



dwarfs of these ~600Myr clusters are younger than the 
cluster themselves. The exceptions are the few stars which 
experienced significant angular momentum transfer from 
orbital momentum to rotational momentum through close 
tidal interactions within a multiple system. Since Ross458A 
has a rotation period much shorter than 12-14 days, and is 
not known as a very close dynamically interacting binary, 
we can safely deduce that the Ross458 system is younger 
than 600 Myr. This upper age limi t is more stringent than 
the 800 Myr upper age limit from iBurg asser et al.l (|2010t ) 
and is consistent with the 200-300 Myr derived from the 
spectral analysis of Ross458C and CFBDSIR2149. 

Given the probable higher metallicity and lower tem- 
perature of Ross458C, the gravity of both objects should 
be similar. Because of the fast cooling down of a substellar 
object during its first few hundreds Myr, a gravity within 
0.2 dex. of CFBDSIR2149, for the 650-700 K Ross458C, is 
only compatible with an age lower than 200 Myr (300 Myr 
if we use the older age estimate for the AB Doradus 
moving group), with a corresponding maximum mass of 8 
(respectively 10) Mj^^p. These rough estimat es, al s o con i- 
patible with the age value from Burgasser e t al.l (|2010f ), 
would redefine the T8.5 brown dwarf Ross458C as an 
exoplanet orbiting the Ross458 stellar system, if we follow 
the controverted International Astronomical Union official 
definition of a planet, even if its formation mechanisms 
are likely more akin to the formation of multiple systems. 
Indeed, the formation of Ross458 through planetary 
formation scenarii such as core accretion or gravitational 
instability is unlikely both because of the very large 
separation (1200 AU, IScholzl |2QTo>) . and low mass of the 
Ml primary Ross458A. 



5.2. Comparison to models 

We used several sets of models to match the observed 
spectra of CFBDSIR2149. The corresponding plots are 
shown in Fig. [3] (BT-Settl models) and Fig. [9l and include 
planetar y atmosphere models meant for the HR8799 plan- 
ets .Currie et al.l (|201l f) adapted fromlBurrows et al.l (I2003D 
(hereafter referred as BSL03) and from Madhusudh an et aD 
(2011), (hereafter referred as MBC20111) as weh as the 
BT-Settl-models. 

We did not attempt a numerical fit of our observed 
spectra to these various models grids because of the 
strong (and model dependent) systematics uncertainties in 
atmosphere models, notably missing CH4 absorption lines 
blue- ward of 1.6 iim whose lack is obvious in FiglQl in- 
cluding right on the i^-band peak. We preferred matching 
models visually, rather than injecting ad-hoc restrictions 
in a fit by artificially weighting out parts of the models 
we suppose are affected by systematics. Discussing the 
resulting numerical values of such a fit would not be more 
relevant than discussing the models that visually match 
the observed spectrum and would unfairly hide some of the 
limitations that come with comparing poorly constrained 
models and poorly sampled model grids to noisy data. 

The main difficulty to match CFBDSIR2149 spectrum 
is to find a model that correctly reproduces both its very 
deep CH4 absorption in the i^-band and its strongly 
enhanced i^-band flux. The former is easily matched by 
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Fig. 7. Compa rison of CFBDSIR2149 spectrum (red) in the J band, wit h low gravity (bottom, iLeggett et al.l I2QQ2I : 
iMcLean et alJ l2QQ3) and regular (top, IStrauss et alJll999l : iMcLean et aIll2QQ3[ ) T6(left) and T7 (right) brown dwarfs 
(black). The dashed line indicate the position of the potassium doublet. 




all models with cool ( TOOK) temperatures and relatively 
high gravities (log g=4. 5-5.0; see Fig. [9]) while the latter 
can be matched by warmer, low gravity models (see Fig. 
[8]), but the combination of both is difficult to reproduce. 
The MBC models with clouds of type "A", "AE" and 
"AEE" very significantly fail to reproduce the SED of 
CFBDSIR2149 (see the "A" case on the lower right panel 
of Fig. [9]), because they predict an extremely red NIR SED, 
due to their very thick cloud layers. In the "A" case, the 
cloud model includes no upper cloud boundary at all, i.e. 
no dust sedimentation effects of any kind, corresponding 
to the simplified cases of fully cloudy atmospheres like 
the AMES-Dusty models. The "E" models by comparison 
implement a steeply decreasing condensate density above 
a certain pressure level given as a model parameter, and 
can thus be tuned to produce clouds comparable to the 
BT-Settl models or the Marley & Saumon models for a 
certain /sed- As seen on Fig. [9] these "E" cloud models as 
well as the BSL2003 and BT-Settl models offer a decent 
match to the spectrum when using relatively cool tempera- 
tures (650-700 K) to depress the H-band flux and relatively 
low gravities (log g=3. 75-4.1) to enhance the i^T-band flux, 
but all models suffer from missing CH4 lines blue-ward 
of 1.6 jim. This systematic shortcoming acknowledged, 
comparison with models gives a temperature of 650-750 K 
and a logg of 3.75 to 4.1 for CFBDSIR2149. BT-Settl 
models favour a cool 650 K, log g=3. 75 value that woul d 
be only compatible, according to the 'Baraff e et al.l ([2003) 
substellar evolution models with hypothesis that our target 



is a member of the 12 Myr-old /3— Pictoris moving group, 
and with ABDMG m embership but only for its youngest 
age estimate (50Mvr: IZuckerman et al.ll2004l ). Conversely, 
the ages derived from the MBC20 11 "E^^ cloud models 
and BSL2003 models (also using iBaraffe et all (|2003D 
models to translate temperature and gravity into age 
and mass) would be fully compatible with the probable 
(>95%) hypothesis that CFBDSIR2149 is younger than 
150 Myr. Even in the extreme hypothesis that this object 
would be aged 500 Myr, its mass (llMj^p) would still be 
below the deuterium burning mass of 13Mj^p that serves 
as an artificial limit between planets and brown dwarfs. 
According to this mass-driven definition, CFBDSIR could 
be called an IPMO or a free-floating planet. 

A major remark we can draw from these comparisons 
is that CFBDSIR2149's spectrum is close to the standard 
BT-Settl and BSL2003 models and can be matched with- 
out using the thick clouds models that have been created 
to account for the pecuHar spectral en ergy distribution o f 
the young exoplanets orbiting HR8799 (|Currie et al.ll2Qll"l ). 
Given the very high dependence of the modelised SED to 
the type of cloud these MBC2011 models (see the com- 
pletely different SED modelised on the last row of Fig. [9l 
for the same gravity and temperature but with a different 
cloud parameter setting), the fact that one of the cloud set- 
tings matches the observed spectrum at some point of the 
gravity /temperature grid a s well the BT-Settl or BSL 2003 
models do is not surprising. iBurningham et al.l (|2011al ) also 
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Fig. 8 . Comparison of CFBDS I R2149 spectrum w i th other Late T dwarfs. Spe ctrum have been taken from lMcLean et al] 
(|2QQ3[ ): iBurgasser et all (|2QQ3[ ): IChiu et all (j2QQ6l ): iBurningham et all (|2Qllb[ ) 




concluded that such adaptable cloud models were not neces- 
sary to account for Ross458C's spectrum, which can be fit- 
ted with BT-Settl models which use a self-consistent cloud 
model over their full parameter range. 

If CFBDSIR2149 is indeed a 4-7Mj^p ABDMG mem- 
ber, this would mean that the similar cool exoplanets of 
late T type targeted by upcoming high contrast imaging 
instruments should have a spectrum closer to models pre- 
diction than the heavier /warmer HR8799 planets of early 
T type. This would not be surprising, since the L/T tran- 
sition atmospheres are known to be much more difficult to 
model than late T atmospheres for field brown dwarfs. Our 
results suggest the same is true at low gravity, and that 
model predictions of the cool, low mass exoplanets to be 
discovered could be in fact more accurate than model pre- 
dictions of the few warmer L/T transition exoplanets we 
already know. 



6. Discussion 

The ability to anchor 
CFBDSIR2149 through 
the AB Doradus moving 
its gravity and effective 
models and directly corroborate these conclusions through 
substellar evolution models. Comparison of the spectra to 
the solar metallicity atmosphere models points towards 
a 650-750 K atmosphere with a logg o f 3.75 -4.1. Using 
stellar evolution models of iBaraffe et al.l (|2003f ), these pa- 



the age and metallicity of 
its probable membership to 
group allowed us to constrain 
temperature with atmosphere 



rameters translate into a 20 Myr to 200 Myr old, 2M jup to 
SM jup free-floating planet. These values are therefore fully 
compatible with the age range and properties of the AB 
Doradus moving group, even though ABDMG membership 
strongly favours the higher mass esti mate and hint, in 
qualitative agreement with the claim of iBurningham et al.l 
(2011a) that BT-Settl models underestimate the i^-band 
flux of late T dwarfs, resulting in slightly underestimating 
the gravity, masses and ages of the observed T dwarfs (see 
Table [5]). However our age and metallicity constraints do 
confirm that CFBDSIR2149 is a low gravity, low mass 
object, though not as extreme as the BT-Settl models 
alone would have implied. If its ABDMG membership is 
confirmed, this object would be a 4 to 7 Mjup T-type 
free-floating planet. 



The fact the spectrum of this probable intermediate 
age free-floating planet is relatively well modelled by 
standard atmosphere models -with no need of ad-hoc 
injection of thick clouds- hints that models would be 
more accurate for the cool (~ 700 K), lower mass, late-T 
exoplanets than for the warmer, L/T transition exoplanets 
such as HR8799bcde (- 900 - 1400 K). If CFBDSIR2149 
ABDMG membership is confirmed, this would show that 
at temperatures cooler than the L/T transition, the overall 
NIR spectrum of late T objects does show low gravity 
features b ut is not dramaticall y different t o a field late T 
spectrum. iBowler et aH (|2012[ ) and Wah hai et al.l (|201lf ) 
studied a LO (IRXS J235133.3+312720B) and a L4 (CD-35 
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Table 5. Colours of CFBDSIR2149 and Ross458C. 





Y -J 


J-H 


J-Ks 


H-Ks 


CFBDSIR2149 


1.35±0.09 


-0.41zb0.11 


0.13=b0.09 


0.54 ±0.14 


Ross458C 


1.52±0.02 


-0.38=b0.03 


0.08=b0.03 


0.46±0.04 



Fig. 9. Comparison of CFBDSIR2149 full spectrum at R=225 (red) with various models (black). Upper left: Burrows 
Sudarsky Lunine 2003 model for a 100 Myr, 7 Mjup planet (i .e T^ff ^75 K, log ^^4.1) with no clouds. Upper right: BT- 
Settl models for Teff=650K and log g =3.75. Lower Left: iMMlmsudlian et al. ( 20Tlh clo u dy "E '' model at Teff=700K, 
log =4.0 and 60 fim enstatite particles in clouds. Lower Right: [Madhusudhan et al.l (|201ll ) cloudy "A" model at 
Teff=700K, log =4.0 and 100 /im particles in clouds 
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2722B) brown dwarf companions to AB Doradus members 
and similarly concluded, for temperatures higher than 
the L/T transition this time, that these objects had clear 
low-gravity features but that their overall spectral energy 
distribution was not dramatically different from field early 
L dwarfs. The fact that by the age of AB Doradus objects 
outside of the L/T transition already exhibit a spectral 
energy distribution that is close to that of field brown 
dwarfs and standard model predictions should comfort 
the detection capability hypotheses used to design the 
upcoming SPHERE and GPI planet imager instruments, 
at least for such intermediate ages. 

The comparison of CFBDSIR2149 with Ross458C, has 
shown both are probably young planetary mass objects. 
Since this analysis strongly favours the young age hypothe- 
sis of Ross458C, we can expect some kind of cascade effect 
leading to a downward revision of the age (and therefore 
mass) estimates of a fraction of the late T dwarfs popu- 
lation. Indeed, even if CFBDSIR2149 and Ross458C are 



probably the youngest T dwarfs currently identified, their 
gravity sensitive features do not widely differ from some 
other known field T dwarfs. Many discovered late T dwarfs 
(see for inst ance KnapD et al."2004'; 'Burgasser et al."'2006l; 
Lucas et al.l 2010; Burningham et al. 2011b; Liu et al] 
l201l[ ) have long been classified with a low gravity (logg 
<4.5). Since these estimates were only grounded on the 
comparison of their spectra and colours to atmosphere 
models that have not been observationally constrained in 
this temperature and gravity range, the resulting planetary 
mass estimates have been seen as unprobable lower limits. 
Our results hint that many of these low-gravity late T 
dwarfs would actually reside below the deuterium burning 
mass. This supports the hypothesis that a small but signif- 
icant fraction of the known population of late T dwarfs are 
free-fioating planets, perhaps the visible counterpart of the 
fre e-fioating p l anets population det ected by microlensing 
bv lSumi et al] (|201l[ ): IStrigari et al.l ([20121 



13 



p. Delorme et al.: A 4-7 Jupiter-mass free-floating planet in AB Doradus? 



The conclusions for stellar and planetary formation 
models would also be far reaching. Either the planetary 
mass-field brown dwarfs are mostly the result of a stellar 
formation process, which would confirm the fragmentation 
of a molecular cloud can routinely form objects as light as a 
few Jupiter masses, either these objects are mostly ejected 
planets. In this case, given that massive planets are less 
easily ejected from their original stellar system than lower 
mass ones, and that lighter planets are ni uch more common 
than heavier ones (see Bonfils et al.ll2Qlil , for instance), this 
would mean free- floating, frozen-down versions of Jupiters, 
Neptunes and perhaps Earths are common throughout the 
Milky Way interstellar ranges. 

However, these speculations need the confirmation of 
CFBDSIR2149 as a member of ABDMG moving group to 
become robust hypotheses. Our ongoing parallax measure- 
ment program for CFBDSIR2149 will improve the proper 
motion measurement and determine its precise distance, 
which should ascertain whether or not it is an ABDMG 
member. It will also bring strong constraints on the abso- 
lute flux and on the radius of CFBDSIR2149, enabling to 
use it as a well-characterised benchmark for young late T 
dwarfs and the T-type, Jupiter-masses exoplanets that are 
likely to be discovered by the upcoming SPHERE, GPI and 
HiCIAO instruments. 
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